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Abstract
Although color-opponent neurons appear to subserve color vision, precisely how these cells encode hue is still not clear.
Single-unit, extracellular recordings from the rainbow trout optic tectum were made in order to examine the possible role of action
potential timing in coding chromatic stimuli. We found that color-opponent units can exhibit differences in response latency which
are a function of wavelength and response sign, with the OFF response exhibiting the shorter response latency. We also found
that units often responded with spike bursts characterized by early and late spikes separated by a silent period, with the relative
proportion of early and late spikes varying as a function of wavelength. This type of discharge pattern appears to be a result of
inhibitory, color-opponent processes. We suggest that complete inhibition of early spikes may be the mechanism underlying the
observed latency differences. These findings suggest a role for action potential patterning in coding chromatic stimuli. © 1999
Elsevier Science Ltd. All rights reserved.
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1. Introduction
The criterion for a color-opponent unit is that its
response sign vary as a function of the wavelength of
stimulation (Daw, 1968). While this property suggests
that color-opponent units are involved in coding chro-
matic stimuli, it could also be argued that color-oppo-
nency simply serves a filtering function which narrows
spectral sensitivity of the cone mechanisms (Gouras &
Zrenner, 1981; Neumeyer, 1984). A recent resurgence of
research addressing the functional significance of the
timing of neural activity (Koch, 1997) has prompted us
to consider the possibility that temporal structure in
spike discharges of color-opponent neurons may play a
role in coding chromatic stimuli. Surprisingly, relatively
few studies have considered the implications of action
potential timing for coding of chromatic stimuli (Gur &
Purple, 1979) and further study of this possibility is
certainly warranted.
Recent work has shown that a large proportion of
units in the optic nerve and tectum of rainbow trout
exhibit color opponency (Coughlin & Hawryshyn,
1994a), indicating that the visual system of this species
is suitable for studying aspects of color coding. Our
main objective here was to determine whether the tem-
poral response properties of color-opponent neurons
varied in a wavelength dependent fashion, which might
provide a basis for neural computation.
2. Methods
Rainbow trout (Oncorhynchus mykiss) were acquired
from the Fraser Valley Trout Hatchery at Abbottsford,
BC. The fish were held a minimum of 8 weeks prior to
experimentation. They were maintained under a 12:12 h
light cycle at 15°C. Experiments were carried out at the
same water temperature. Lighting in the holding facility
was provided by fluorescent bulbs.
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The experimental procedures have been described in
detail elsewhere (Coughlin & Hawryshyn, 1994a,b,
1995). Briefly, extracellular, single-unit recordings were
made from the dorso-central optic tectum of juvenile
rainbow trout (6–12 cm total length). Recordings were
made with resin-coated tungsten microelectrodes (5–12
MV, A-M Systems and Frederick Haer). A reference
electrode was inserted into the epithelium of the right
nares. Signals were differentially amplified (5000–
10 000 ), bandpass filtered (0.3–3 kHz) and fed into a
variable level window discriminator for the isolation of
single units.
The response features of color-opponent units were
examined with a three channel optical system, permit-
ting independent control of the stimulus and back-
ground illumination. The three light channels entered
the Faraday cage via three liquid light pipes. The ends
of the light guides were positioned such that light from
each pipe was aimed at a single spot on a small
diffusing screen positioned 1 mm from the eye. This
stimulus arrangement provided full field stimulation of
the eye.
The relative sensitivity of the different cone mecha-
nisms was altered by using interference and Inconel
coated neutral density (ND) filters. Weak (3 ND) and
moderate (2 ND) intensity yellow (500 nm longpass)
backgrounds were used to attain different levels of
adaptation of the middle wavelength-sensitive (M) and
long wavelength-sensitive (L) cone mechanisms
(Coughlin & Hawryshyn, 1995). In addition, several
units were recorded under background conditions in-
tended to mimic the light environment of a shallow
clear water lake (Novales Flamarique, Hendry &
Hawryshyn, 1992). For this background, a 400 nm
longpass filter, a 650 nm shortpass filter and a 3 ND
filter were placed in one background channel (Novales
Flamarique & Hawryshyn, 1996). This background
condition and the weak yellow background resulted in
approximately equal (or balanced) sensitivity of the
short wavelength-sensitive (S), M and L cone mecha-
nisms. The moderate intensity yellow background di-
minished sensitivity of the longer wavelength cone
mechanisms, resulting in partial isolation of the S cone
mechanism. Stimulus duration was set at one second.
Spectral sensitivity curves were determined using the
increment-threshold technique. Threshold responses
were measured at up to 12 wavelengths ranging from
340 to 720 nm. At a given wavelength, a stimulus series
was begun at least 0.5 log units below threshold inten-
sity. Intensity was increased by 0.1 log unit increments
until two consecutive threshold responses were detected
at a given wavelength intensity combination. The inter-
trial interval was set at 20 s to avoid habituation. A
response was classified as above threshold if the firing
rate was 3.0 standard deviations or greater above the
mean pre-stimulus firing rate (Barlow & Levick, 1969).
Latency to the first action potential of a threshold spike
burst was determined for stimulus onset (ON response)
and:or offset (OFF response) at each wavelength
sampled.
A consequence of the technique used to determine
threshold is that only responses from the receptive field
center could be determined. Specifically, this is due to
the fact that a full field stimulus was used and that the
receptive field center is up to two orders of magnitude
more sensitive than the receptive field surround (Daw,
1968; Beauchamp & Daw, 1972; Spekreijse, Wagner &
Wolbarsht, 1972).
It should be noted that while all recordings were
made from the optic tectum, afferent fibers are difficult
to distinguish from intrinsic tectal neurons using extra-
cellular recording techniques. Hence, classification of
units was based on their spectral response properties
(Guthrie, 1990).
3. Results
The majority of color-opponent units encountered
(23 out of 28) exhibited a triphasic response pattern,
with ON inputs from the L and S cone mechanisms and
OFF input from the M mechanism. This finding is in
accordance with previous work (Coughlin &
Hawryshyn, 1994a).
We recorded from five units with a response pattern
not previously encountered. This type of unit was
termed biphasic, and showed an ON response to short
wavelength stimuli and an ON–OFF response to
longer wavelength stimuli.
The green (middle wavelength) OFF response of
some triphasic units recorded under balanced adapta-
tion conditions exhibited a shorter response latency
(10–25 ms) than the red (long) or blue (short wave-
length) ON response (Fig. 1).
Fig. 1. Spectral sensitivity (log 1:photons·cm2·nm1·s1) and la-
tency plot of a triphasic tectal unit recorded under a balanced
adapting background. , , ON and OFF responses, respectively;
, latency.
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Fig. 2. Spectral sensitivity and latancy plot of a biphasic tectal unit
recorded under a moderate intensity yellow background. , , ON
and OFF responses, respectively. , ON response latencies; and ,
OFF response latencies.
uli), suggesting that the spike distribution of the ON
response may be the result of inhibitory influences.
The relatively long latency of the ON response at
shorter wavelengths (Figs. 1, 2 and 4) may be a func-
tion of our inability to precisely balance the sensitivity
of the different cone mechanisms. Indeed, we generally
found that under balanced adaptation backgrounds, the
S mechanism remained somewhat more sensitive than
the other cone mechanisms. It is also possible that the
S mechanism is temporally slower than the M and L
mechanisms (Perry & McNaughton, 1991).
4. Discussion
The main findings of this study are that color-oppo-
nent units in the optic tectum exhibit differences in
latency and discharge pattern which are a function of
wavelength and response sign. In both triphasic and
biphasic units, the OFF response was found to exhibit
the shorter response latency.
Wavelength dependent action potential patterning
was observed in the form of spike bursts characterized
by early and late spikes separated by a silent period,
with the number of early and late spikes differing as a
function of wavelength. This type of discharge pattern
may be due to inhibitory processes. If so, inhibition of
early spikes may be the mechanism underlying the
observed latency differences. Inhibition may arise at the
level of the bipolar cell, where it has been reported that
the center hyperpolarizing component of dual color-op-
ponent carp bipolar cells responds with substantially
shorter response latencies than the center depolariza-
tion component (Kaneko & Tachibana, 1981). An alter-
nate explanation may relate to possible differences in
synaptic gain of the ON and OFF pathways at the
For biphasic units, the OFF response of the ON–
OFF component of two units exhibited substantially
shorter response latencies (30–50 ms) than the ON
response (Fig. 2). Note that the short wavelength sensi-
tive ON response is the slowest component of the
response. This may reflect the different adaptation state
of the short and longer wavelength sensitive cone
mechanisms.
Our observation of wavelength and:or sign depen-
dent differences in response latency prompted an exam-
ination of spike discharge patterns, with the goal of
determining whether there is a relationship between
response latencies of color-opponent units and action
potential patterning.
The discharge patterns of color-opponent units were
often characterized by an initial spike burst which was
interrupted by a silent period and then followed by a
second series of spikes. In addition, the number of early
spikes (those which occur before the silent period) and
late spikes (those which occur after the silent period)
were found to vary as a function of wavelength (Fig. 3).
Note that for the 620 nm response shown in Fig. 3
there is only a solitary early spike or no spike at all.
Also note that the response latencies of the early and
late spikes are similar for both stimuli.
Fig. 4 shows how the temporal structure of ON and
OFF responses can vary as a function of wavelength
and response sign. Note that the OFF response to
middle and long wavelength stimuli consists of either an
early and late burst separated by a silent period or only
an early burst. In response to the same stimuli, the ON
response tends to exhibit an early burst only when the
OFF response is weak or absent. This is best illustrated
by responses to the long wavelength stimuli.
For the 620 and 660 nm stimuli, the early spikes
constitute a larger proportion of the ON response (Fig.
4). Also note the weak or absent OFF response (com-
pared to that observed for the middle wavelength stim-
Fig. 3. Raster plot of the ON response of a triphasic tectal unit in
response to long wavelength stimuli. Three threshold determinations
were made for each stimulus. Note the reduced contribution of early
spikes in response to the 620 nm stimulus.
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Fig. 4. Instantaneous spike frequency plot showing a representative
threshold response of a triphasic tectal unit recorded under a bal-
anced adaptation background. Instantaneous spike rates are calcu-
lated as 1000:inter-spike interval. Scale bar is 100 ms.
These findings provide evidence that the temporal
response features of color-opponent tectal units may
play a role in coding chromatic stimuli. It is conceivable
that signals from different color-opponent units may
make contact with a recognition cell which monitors
the relative timing of chromatic inputs. Signals associ-
ated with a particular hue arriving in a precise temporal
sequence at the recognition cell might be expected to
evoke a maximal response (Hopfield, 1995). Alter-
nately, temporal separation of ON and OFF responses
may serve to bind incremental and decremental stimuli,
respectively (Gawne, Kjaer & Richmond, 1996).
Acknowledgements
We would like to thank Dr David Coughlin for
assistance in learning new techniques and for valuable
discussion. Dr Luc Beaudet was helpful in determining
a suitable experimental design and provided useful dis-
cussion. Elmar Plate provided useful comments on the
manuscript. Dr Roberto Racca was instrumental in
developing data acquisition software. This research was
supported by an NSERC operating grant awarded to
CWH.
References
Barlow, H. B., & Levick, W. R. (1969). Three factors limiting the
reliable detection of light by retinal ganglion cells of the cat.
Journal of Physiology, 200, 1–24.
Beauchamp, R. D., & Daw, N. W. (1972). Rod and cone input to
single goldfish optic nerve fibers. Vision Research, 12, 1201–1212.
Coughlin, D. J., & Hawryshyn, C. W. (1995). A cellular basis for
polarized-light vision in rainbow trout. Journal of Comparati6e
Physiology A, 176, 261–272.
Coughlin, D. J., & Hawryshyn, C. W. (1994a). The contribution of
ultraviolet and short-wavelength sensitive cone mechanisms to
color vision in rainbow trout. Brain Beha6ior and E6olution, 43,
219–232.
Coughlin, D. J., & Hawryshyn, C. W. (1994b). Ultraviolet sensitivity
in the torus semicircularis of juvenile rainbow trout
(Oncorhynchus mykiss). Vision Research, 34, 1407–1413.
Daw, N. W. (1968). Colour-coded ganglion cells in the goldfish
retina: extension of their receptive fields by means of new stimuli.
Journal of Physiology, 197, 567–592.
Gawne, T. J., Kjaer, T. W., & Richmond, B. J. (1996). Latency:
another potential code for feature binding in the striate cortex.
Journal of Neurophysiology, 76, 1356–1360.
Gouras, P., & Zrenner, E. (1981). Color vision: a review from a
neurophysiological perspective. In D. Ottoson, Progress in sensory
physiology, vol. 1 (pp. 139–179). New York: Springer-Verlag.
Gur, M., & Purple, R. L. (1979). Some temporal output properties of
color opponent units in the ground squirrel retina. Brain Re-
search, 166, 233–244.
Guthrie, D. M. (1990). The physiology of the teleostean optic tectum.
In R. H. Douglas, & M. B. A. Djamgoz, The 6isual system of
fishes (pp. 279–344). New York: Chapman Hall.
Hopfield, J. J. (1995). Pattern recognition computing using action
potential timing for stimulus representation. Nature, 376, 33–36.
bipolar cell level (Jin & Brunken, 1996). Jin and
Brunken (1996) provide evidence that, at least in rab-
bits, the OFF pathway exhibits higher synaptic gain,
and this might result in inhibition of ON responses by
the OFF pathway.
It is important to note that the adaptation state of
cone mechanisms can affect their response latencies
(Beaudet and Hawryshyn, in preparation). However,
this phenomenon is only evident when strong chromatic
adaptation backgrounds are employed. The adaptation
backgrounds used in most of our experiments resulted
in balanced sensitivity of the different cone mecha-
nisms. Importantly, one of these backgrounds closely
matched the photopic underwater light environment of
this species (Novales Flamarique et al., 1992; Novales
Flamarique & Hawryshyn, 1996). Thus, it appears that
under natural light conditions, the temporal patterning
we observe in color-opponent tectal units is functionally
relevant.
C.G. McDonald, C.W. Hawryshyn : Vision Research 39 (1999) 2795–2799 2799
Jin, X. T., & Brunken, W. J. (1996). A differential effect of APB on
ON- and OFF-center ganglion cells in the dark adapted rabbit
retina. Brain Research, 708, 191–196.
Kaneko, A., & Tachibana, M. (1981). Retinal bipolar cells with
double colour-opponent receptive fields. Nature, 293, 220–223.
Koch, K. (1997). Computation and the single neuron. Nature, 385,
207–210.
Neumeyer, C. (1984). On spectral sensitivity in the Goldfish. Evidence
of neural interactions between different cone mechanisms. Vision
Research, 24, 1223–1231.
Novales Flamarique, I., & Hawryshyn, C. W. (1996). Retinal devel-
opment and visual sensitivity of young Pacific sockeye salmon
(Oncorhynchus nerka). Journal of Experimental Biology, 199, 869–
882.
Novales Flamarique, I., Hendry, A., & Hawryshyn, C. W. (1992).
The photic environment of a salmonid nursery lake. Journal of
Experimental Biology, 169, 121–141.
Perry, R. J., & McNaughton, P. A. (1991). Response properties of
cones from the retina of the tiger salamander. Journal of Physiol-
ogy, 433, 561–587.
Spekreijse, H., Wagner, H. G., & Wolbarsht, M. L. (1972). Spectral
and spatial coding of ganglion cell responses in goldfish retina.
Journal of Neurophysiology, 35, 73–86.
.
